Dear Editor,
Loss-of-function screens are powerful tools for identifying gene contribution in a given biological context. Over the past decade, the RNA interference technology has become a dominant approach in the loss-of-function screen-based gene discovery [1] . However, about 3 quarters of genes in mammalian genomes belong to gene families and have functional redundant homologs. While this functional redundancy protects cells and organisms from deleterious mutations [2] , it also masks phenotypic outcomes, resulting in false-negatives in loss-of-function screens that target individual genes. However, all of reported loss-of-function screens have been designed to target individual genes and thus suffer from limitations of the false-negatives.
The Wnt-β-catenin pathway plays pivotal roles in embryogenesis as well as in adult tissue homeostasis. Aberrant Wnt-β-catenin signaling has been linked to a wide range of pathologies in humans, including cancer. Wnt3A, a prototypic canonical Wnt, initiates its signaling by binding to a Frizzled (Fz) family receptor and a low density lipoprotein-related protein (LRP) 5/6 coreceptor, causing, via the intracellular signaling protein dishevelled (Dvl), the stabilization and accumulation of β-catenin in both cytoplasm and nucleus by inhibiting the degradation function of destruction complex composed of GSK3, APC, Axin and β-TrCP. The nuclear β-catenin binds to the TCF family of transcription factors and regulates gene transcription [3] . Like other biological system, functional redundancy has been observed in the Wnt signaling pathway [4] [5] [6] . For instance, there are ten Fz (Fz1-10) and two LRP (LRP5/6), three Dvl (Dvl1-3), two GSK3 (GSK3α/β), two Axin (Axin1/2), and two β-TrCP (β-TrCP1/2).
Here, we report a gene family screen approach that can circumvent the false-negative issue resulted from gene functional redundancy. Using a genome-wide siR-NA screen for regulators important for Wnt3A-induced β-catenin accumulation as an example, we demonstrate that a gene family-based loss-of-function screen can effectively minimize the functional redundancy problem that plagues the individual gene screens.
We used the Opera high-content imaging system to perform genome-wide siRNA screening for regulators of β-catenin content and subcellular localization in response to Wnt3a treatment in mouse L cells. Figure 1A shows an example of β-catenin and DAPI staining in cells transfected with the control siRNA. For β-catenin content quantification, the regions of interest (ROIs) of the nucleus and cytoplasm were delineated by the Acapella software (Perkin Elmer) based on the composite images of the DAPI and β-catenin staining ( Figure 1B) . The average pixel intensities of the β-catenin staining in the nuclear and cytoplasmic ROIs are taken as relative nuclear and cytoplasmic β-catenin contents, respectively, whereas the sum of the average nuclear and cytoplasmic intensities is taken as the total β-catenin content of the cell.
To validate our approach, L cells were transfected with siRNAs for a number of known Wnt signaling components, including APC, LRP6 and β-catenin. Expected changes in both nuclear and cytoplasmic β-catenin contents were observed using the aforementioned detection and quantification approach (Supplementary information, Figure S1A ). To assess the suitability of our approach for high-throughput screening, the Z factors [7] for the nucleus and cytoplasmic β-catenin contents in a 384-well plate were determined ( Figure 1C ). They are 0.61 and 0.63, respectively, indicating that our assay system has a reliable reproducibility and uniformity and is thus well suited for high-throughput screening.
We next performed a high-content screen using the Dharmacon Mouse Genome siRNA Library, which contains siRNA smartpools targeting 19 059 genes, using L cells stimulated with Wnt3A in triplicates. The screen data were normalized and analyzed using a BioConductor bioinformatics package OperaMate [8] and are sum- (2 h) and stained with anti-β-catenin antibody and DAPI. The images were acquired using an Opera LX system (A). The Acapella software was used to generate the composite images (B) from the β-catenin and DAPI staining images (A). The nuclear ROI is defined as the DAPI staining area, while the cytoplasmic ROI is defined as the region 3 to 8 pixels outside the nuclear ROI by the software. (C) Scatter plot of β-catenin contents detected in a 384-well plate. L cells were treated with mock or Wnt3A (2 h) and β-catenin contents were detected and quantified as aforementioned. (D) Schematic representation of the generation of the gene family library. First, proteins were assigned into super-families according to Pfam annotations. Second, multiple sequence alignment was carried out. Finally, based on the phylogenetic tree, proteins of each super-family were classified into groups with a maximum of 3 members. (E) Overview of the composition of the gene family library. Vertical axis shows the size of the super-families, whereas the numbers at the right side of the bars indicate how many gene superfamilies are with that size. The horizontal axis shows the number of genes assigned to families with 1 (yellow), 2 (green) and 3 (red) members. The proportions of all of the genes assigned to families with 1, 2, or 3 members are shown in the pie chart. (F) Volcano plots of individual and family siRNA screen results. Log2 transformed normalized intensity is plotted against −log10 transformed P for each sample. Hits meeting both quantitative (t-score < 0.1) and statistical (P < 0.05) criterions are colored red. Some Key components of Wnt3A signaling are highlighted in yellow. (G) Sub-division of gene family screen results based on the comparison with the individual gene screen results. In Group 1, at least one individual member shows a consistent effect (i.e., with an inhibition t-score < 0.1 or promotion t-score < 0.2) as the family screen. In Group 2, the family has at least one member that shows a weak effect (i.e., with an inhibition t-score < 0.2 or promotion t-score < 0.3) as the family screen. In Group 3, the family has no individual member that shows any effect. (H) Pathway analysis. Pathway analysis for individual gene screen and gene family screen hits was carried out by the DA-VID functional annotation software using KEGG and Biocarta reference pathway database. The bars show the enrichment degree by -log10 transformed P (the EASE scores in the DAVID reports). marized in Supplementary information, Table S1A. The putative positive hit candidates, which fulfill the hit-calling criteria of a t-score < 0.1 with a multiple student's t-test P < 0.05, contain many previously known Wnt signaling components (Supplementary information, Table  S1B ) and are listed in Supplementary information, Table  S1C . However, a number of other well-characterized Wnt signaling components, including Dvl, β-TrCP, and GSK3, are not in the list. We compared our individual gene screen with three previously published screens [9] [10] [11] , and found β-TrCP and GSK3 were also missing in those screens (results of the comparison are listed in Supplementary information, Table S1D ). Given the known function redundancy in Wnt signaling pathway [4] [5] [6] , it is reasonable to postulate that the failure to identify these well characterized Wnt signaling components might be due to the presence of multiple functionally redundant homologs of these components. Indeed, when all three Dvl isoforms were silenced simultaneously, significant inhibition of Wnt3A-induced β-catenin accumulation was observed (Supplementary information, Figure S1B ). This is in clear contrast to the lack of effect of depleting each individual Dvl isoform. Similar results were also observed for silencing β-TrCP1/2 (Supplementary information, Figure S1C ). These results together support the idea that functional redundancy is a real issue that can cause many of the false-negatives in a loss-of-function screen.
To circumvent the problem, we generated an siRNA library to target, instead of each individual gene, gene families that consist of functionally redundant homologs. The foremost difficulty is to obtain a gene family database for an entire genome as there is no such database available. We thus developed a bioinformatic method to group genes into functionally related gene families based on the sequence similarity of their coded proteins reasoning that functionally related proteins in general share highest degree of amino acid sequence similarity ( Figure 1D ). The protein sequence for each gene was first retrieved from GenBank [12] . Pfam [13] was used to annotate the protein sequences with an expectation cutoff value of 1 × 10
. If a protein had multiple Pfam annotations, only the one with the most significant expectation value was used. Proteins with the same Pfam annotations were assigned into families. The Dharmacon mouse genome siRNA library we used is made of siRNA smartpools. Since most of the known functionally redundant gene families in Wnt signaling consist of less than three genes, and pooling of three siRNA smartpools was shown to be effective in silencing the Dvl family (Supplementary information, Figure S1B ), as well as pooling of more than three siRNA smartpools might compromise gene silencing efficiency, we decided to limit the family pool to no more than three genes. For those families with more than three genes, the amino acid sequences of the members were aligned by ClustalW [14] , and phylogenic trees were constructed based on the pairwise Kimura protein distance and the UPGMA (unweighted pair group method with arithmetic mean) algorithm implemented in Bioperl [15] . Two proteins with the closest distance to each other in the tree were grouped together, and the third protein was added if it was the closest one to the group as well as it was not assigned into other groups. In total, the 19 059 genes in the Dharmacon mouse genome siRNA library were grouped into 2 580 3-member families and 3 270 2-member families with 4 779 genes left as individuals (1-member families) . The proportions of genes contained in the 3-member, 2-member and 1-member families were 41%, 34%, and 25%, respectively (Figure 1E and Supplementary information, Table S2A ). The gene family siRNA library was physically constructed by pooling the siRNAs using the Beckman Coulter liquid handling robotic system under a sterile condition using a customerized robot-controlling software.
We then performed a screen with the custom gene family siRNA library. Those siRNAs that are not grouped into any of the families were not included, as we have done the individual gene screen. The screen data were analyzed the same way as the data from the individual gene screen were analyzed and are listed in Supplementary information, Table S2B . We used the same cutoff criteria as for the individual gene screen to select putative positive gene family hits, which are listed in Supplementary information, Table S2C . The outcomes of the individual and family screens were compared side-byside using the Volcano plot, in which the putative positive hits are labeled with red ( Figure 1F ). The Dvl1/2/3, β-TrCP1/2 and GSK3α/β families were all identified as hits in this gene family screen, validating our experimental design and approach.
Taking a different approach to compare the results of the individual and family screens, we subdivided the putative positive hits from the gene family screen into three groups based on the comparison of the effects of gene family silencing with those of silencing of each individual genes in the family ( Figure 1G , Supplementary information, Table S2D and S2E). The first group are the families in which at least one individual member shows the consistent effect with that of the family in the screen; in the second group, one or more members in a family shows only a weaker effect than that of the family; and in the third group, only the families, but not their individual members, show any effect in the screens. Most of the family hits belong to the first group ( Figure 1G ), suggest-ing good consistency between individual gene and gene family screens. On the other hand, Group 2 and particularly Group 3 are of greater interest, as these groups may contain regulators for β-catenin contents, which have been missed in individual gene loss-of-function screens. The top 10 inhibition and promotion hits in Group 3 were then validated by western blot analysis. 60% of them showed results consistent with the screening data (Supplementary information, Figure S1D ).
We also carried out pathway analysis for the positive hits based on functional annotations of the genes and gene families using DAVID functional annotation software. There are more gene family screen hits related to the Wnt signaling, cancer and colorectal cancer pathways than those from the individual gene screen ( Figure 1H and Supplementary information, Table S2F ). This result provides further support for the effectiveness of our approach in identifying novel gene functions and novel crosstalks between different signaling pathways.
In summary, we used the Opera high-content imaging system to carry out siRNA-based loss-of-function screens for potential regulators of β-catenin contents in cells treated with Wnt3A. Our novel gene family-based screen strategy circumvents the false-negative issue resulting from gene functional redundancy. Comparison of the results from the individual gene screen with those of the gene family screen clearly demonstrates the advantage of our new screen approach. This new gene family-based screen strategy should be applicable to all of the loss-of-function screens, including the CRISPR/Cas9-based screens. Moreover, in contrast to previous cellbased loss-of-function screens of the Wnt signaling pathway, which used the Wnt reporter gene assays [9, 10] , we directly examined β-catenin content and localization using a high-content imaging system. Thus, our study also provides valuable resources for the Wnt research community. Nevertheless, the current gene family screen approach has a key limitation: its effectiveness may be compromised for the gene families that have more than three family members. However, this limitation may be overcome with new technologies that increase transfection efficiency or with the use of viral transduction.
